Abbreviations: BAP, biotin acceptor peptide; EGFR, epidermal growth factor receptor; EM, electron microscopy; FRAP, fluorescence recovery after photobleaching; GFP, enhanced green fluorescent protein; HRP, horseradish peroxidase; Lck-BAP-GFP, reporter molecule containing an Lck-derived leader peptide and BAP and GFP modules; TIRF, total internal reflection fluorescence; ROI, region of interest. This reporter, designated Lck-BAP-GFP, incorporates green fluorescent protein (GFP) and biotin acceptor peptide (BAP) modules, with the latter allowing its single-step labeling with streptavidin-gold. Lck-BAP-GFP was metabolically biotinylated in mammalian cells, distributed into low-density detergent-resistant membrane fractions, and was readily detected with avidinbased reagents. In EM images of plasma membrane sheets, the streptavidin-gold-labeled reporter was clustered in 20-50 nm microdomains presumably representative of inner leaflet lipid rafts. The utility of the reporter was demonstrated in an investigation of the potential lipid raft localization of the epidermal growth factor receptor.
INTRODUCTION
The lipid and protein constituents of cellular cytoplasmic membranes exhibit a high degree of structural organization on the submicron scale. Notably, a number of different cell surface receptors and associated signaling molecules are known to be localized within submicroscopic domains of the plasma membrane (1) , with the concentration of some signaling molecules within "signaling microdomains" serving to enhance the efficiency of signal transduction (cf. 2), and the mutual segregation of others limiting their functional interactions (3, 4) . Diverse factors are believed to underlie this microorganization of signaling molecules, including their partitioning into membrane microdomain structures (e.g. lipid rafts or caveolae), their confinement within cytoskeletal corrals, or their interactions with intra-or extra-cellular matrix (cf. 5, 6, 7) . Whereas numerous biochemical, biophysical and imaging methods have been used to interrogate the submicroscopic spatial heterogeneity of membrane-associated molecules, electron microscopy (EM) has emerged as a powerful approach for its visualization. As applied in the "membrane sheet" method (3, 8, 9) , immuno-EM has been elegantly exploited in the characterization of signaling microdomains involving the Ras oncoprotein (10) , immune cell receptors (3) , and ErbB/HER family receptors (11) . Here double-immunogold labeling allows an assessment of the colocalization of distinct signaling molecules as well as their potential localization within membrane microdomains, given the availability of a suitable marker such as a resident lipid raft or caveolar protein (12, 13) .
The success of immuno-EM imaging approaches is dependent upon both the identification of antibodies that efficiently and specifically label the antigens of choice and the optimization of immunolabeling conditions. To simplify the application of the immuno-EM membrane sheet method in visualizing lipid raft microdomains, we sought to identify a suitable raft marker that by guest, on October 14, 2017 www.jlr.org Downloaded from 4 (i) was localized with high specificity in lipid raft entities, (ii) was exposed on the inner surface of the cytoplasmic membrane (to facilitate labeling of inside-up membrane sheets), and (iii) could be efficiently labeled with gold-conjugated reagents. The list of lipid raft markers that have been used in various studies includes (i) membrane outer leaflet markers such as ganglioside GM1 (labeled with cholera toxin-based reagents) and various glycosylphosphatidylinositol (GPI)-anchored proteins (e.g. Thy-1 and placental alkaline phosphatase), (ii) intrinsic membrane proteins such as caveolin-1 (a marker for caveolae) and flotillins (in our experience distributed in both lipid rafts and the bulk membrane), and (iii) membrane inner leaflet markers such as the multiply acylated peripheral membrane proteins G q α (dually palmitoylated) and Lck (myristoylated and dually palmitoylated). Considering our criteria for a raft marker, the extent to which various raft constituents have been characterized, and our interest in non-caveolar lipid rafts, we identified the Src family protein tyrosine kinase Lck as an ideal candidate and generated an Lck-derived reporter that could be readily labeled with avidin-biotin technology.
We present here a simplified and robust method for EM imaging of lipid rafts 2 
MATERIAL AND METHODS

Reagents, cell culture and cell transfection
Antibodies recognizing caveolin-1 (mouse monoclonal #610406, BD Transduction Labs), epidermal growth factor receptor (EGFR) (rabbit monoclonal SP9, Thermo Scientific), flotillin-2 (rabbit polyclonal H-90, Santa Cruz Biotechnology), and GFP (mouse monoclonal #N86/8, NeuroMab; rabbit polyclonal A01704, GenScript) were provided by the indicated suppliers.
Transferrin receptor-specific mouse monoclonal antibody H68.4 was kindly provided by Dr.
David R. Sheff. Streptavidin-horseradish peroxidase (HRP) was purchased from Perkin Elmer.
Aurion BSA-C, cold water fish skin gelatin, normal goat serum, 6 nm gold particle-conjugated streptavidin, and 10 nm gold particle-conjugated F(ab')2 fragment of goat anti-rabbit IgG were 
Design and construction of the lipid raft reporter Lck-BAP-GFP
A plasmid vector expressing the tripartite Lck-BAP-GFP reporter ( Fig. 1) was placed in a centrifuge tube and overlaid sequentially with 6 ml of 30% (w/v) sucrose and 3.5 ml of 5% (w/v) sucrose in TNE buffer. Gradients were centrifuged at 200,000 G for 14 h.
Following centrifugation, fractions were sequentially removed from the top of the gradient, and the presence of lipid raft and bulk membrane markers in the fractions was assessed by SDS-PAGE and immunoblotting with specific antibodies. Alternatively, the presence of the biotinylated Lck-BAP-GFP reporter was assessed by blotting with a streptavidin-HRP conjugate.
Fluorescence microscopy
For fluorescence microscopy experiments, human MCF7 or simian COS1 cells were 
Spatial pattern analysis of particles in EM images
The spatial distribution of gold-labeled particles in EM images was analyzed by use of the Ripley's K function statistic (cf. 9, 19 ). This analysis is based on Ripley's function K(r), which for a distribution of one particle type is essentially the number of particles within a distance r of another divided by the average number of particles per unit area. For an ideally random particle The BAP module is known to be efficiently biotinylated by endogenous biotin ligases upon its expression in mammalian cells (14, 25) , and thus confers to proteins an ability to be detected with avidin-based reagents, such as streptavidin-HRP or streptavidin-gold particle conjugates.
In our characterization of the Lck-BAP-GFP reporter, we first verified its expression and metabolic biotinylation (Fig. 2) . Expression of both Lck-BAP-GFP and the parental Lck-GFP reporter in transiently transfected cultured cells was demonstrated by immunoblotting of cell lysates with a GFP antibody. Immunoblotting also showed that the migration of each protein in SDS-PAGE was consistent with its predicted molecular mass. As anticipated, Lck-BAP-GFP was readily detected upon blotting of membrane transfers of SDS-PAGE gels with a streptavidin-HRP conjugate (Fig. 2) . Thus, the Lck-BAP-GFP protein appeared to be efficiently biotinylated. While the Lck-BAP-GFP reporter was the major band detected in streptavidin-HRP blots, longer-exposed blots of human cell lysates showed additional biotinylated proteins of was also examined by TIRF and confocal fluorescence microscopies (Fig. 3) . TIRF microscopic images clearly showed localized expression of the GFP-tagged protein in the cellular membrane proximal to the cover glass substrate. Transverse optical sections of cultured cells obtained by confocal fluorescence microscopy showed expression of the reporter predominantly in the peripheral plasma membrane.
Diffusional mobility of the Lck-BAP-GFP reporter
Fluorescent reporters with multiply acylated N-termini similar to that of Lck, e.g. 
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The presence of the GFP module in the Lck-BAP-GFP reporter makes it applicable in such biophysical approaches. As an example, to determine whether the Lck-BAP-GFP reporter behaved as previously characterized Lck-like reporters, we examined the macroscopic diffusion of Lck-GFP and Lck-BAP-GFP in the cellular membrane by FRAP (Fig. 4) . In agreement with earlier reports that the EGFR is solubilized in cold Triton X-100 (36, 37) , this putative lipid raft resident protein was also found in the solubilized gradient fractions.
This suggested that if the EGFR is indeed a lipid raft resident, it likely resides in rafts of different 
EM imaging of the gold-labeled Lck-BAP-GFP reporter in plasma membrane sheets
Given the ease of its detection with avidin-based technologies, the Lck-BAP-GFP reporter described herein should have diverse applications in the investigation of lipid raft entities, for example its use as a marker of lipid rafts in biochemical fraction experiments (Fig. 5) . We envisioned it would be especially useful in EM characterization of protein micro-localization in plasma membrane sheets (3, 8, 9) , wherein proteins of interest would be labeled with immunogold reagents and the biotinylated Lck-BAP-GFP lipid raft reporter with a streptavidingold particle conjugate. Thus, we next sought to demonstrate that the Lck-BAP-GFP reporter in cellular membranes could be effectively labeled with streptavidin-gold and its spatial distribution imaged by EM. To this end, membrane sheets derived from cultured cells ectopically expressing the Lck-BAP-GFP reporter were immobilized on polylysine-coated EM grids, and the membranes were fixed and then labeled in a single step with a 6 nm gold particle-conjugated streptavidin reagent (Fig. 6) . A representative image of gold-labeled Lck-BAP-GFP reporters in MDA-MB-468 breast cancer cell membranes is shown in Fig. 6A . A fairly dense labeling of the plasma membrane surface was generally seen, with an apparent clustering of the gold labels in microdomains of less than ~100 nm. The companion Fig. 6B is a control image representative of membranes from cells expressing a non-biotinylated raft reporter Lck-GFP and subjected to the same streptavidin-labeling procedure. In this case and as quantified in Fig. 6C , a dramatically reduced labeling was evident, which indicated that the Lck-BAP-GFP reporter can be labeled in plasma membrane sheets with good specificity. This was anticipated given the high specificity The spatial distribution of Lck-BAP-GFP reporters on the membrane surface and their apparent tendency to cluster were analyzed by use of the Ripley's K function statistic (Fig. 6D) .
By this analysis of the center-to-center inter-particle distances, the distribution of gold-labeled Lck-BAP-GFP reporters in EM images was seen to be nonrandom, with a clustering of the reporters prominent on the size scale of 20-50 nm. This is similar to the size of Ras microdomains identified by Prior et al. in cellular plasma membranes (10) , and consistent with the proposed size of lipid raft structures (35) .
To further validate the streptavidin-gold labeling strategy, we performed double-labeling experiments in which membrane sheets from Lck-BAP-GFP-expressing cells were labeled with both streptavidin-gold and a GFP-specific antibody detected with a conventional immunogold reagent. The patterns of labeling by streptavidin-gold and the immunogold conjugate independently showed clustering on the scale of 20-50 nm (Fig. 7) . Importantly, there was significant co-clustering of the two labels as shown by a bivariate Ripley's K function analysis (Fig. 7D) . Depending upon the efficiencies of labeling of the Lck-BAP-GFP reporter with each of the two detection reagents and the number of reporter molecules present in individual rafts, either a perfect or partial overlap of streptavidin-gold and immunogold-labeled clusters would be predicted. Thus, we interpret the co-clustering of streptavidin-gold and anti-GFP/immunogold labeling ( Fig. 7D ) as evidence that both detection reagents effectively label the Lck-BAP-GFP reporter.
We note that the 6 nm gold-conjugated streptavidin reagent displayed some tendency to self-cluster in control experiments in which the reagent was directly deposited on an EM grid Fig. S1 and S2) . The observed clustering of Lck-BAP-GFP was much more extensive and was also observed by conventional immunogold labeling with an alternative gold-conjugated reagent that showed no tendency to self-cluster (see Fig. 7 and Fig. 
S3 and S4 in Supplemental Figures)
Application of the Lck-BAP-GFP reporter as a lipid raft marker in EM imaging
The localization of the expressed Lck-BAP-GFP reporter in low-density detergent-resistant membrane fractions and its observed clustering in plasma membrane domains of 20-50 nm are consistent with the reporter being targeted to lipid rafts, i.e. membrane microdomains with lipid composition distinct from the bulk membrane and with a liquid ordered structure (see Discussion). Given its ease of detection with streptavidin reagents, we anticipate that this reporter will be a useful inner leaflet lipid raft marker for both biochemical experiments and various imaging applications. To demonstrate the utility of Lck-BAP-GFP as a raft marker in EM imaging, we applied it in assessing the potential lipid raft localization of epidermal growth factor receptor (EGFR) molecules in breast cancer cell plasma membranes. Here, membrane sheets derived from cultured MDA-MB-468 breast cancer cells were simultaneously subjected to conventional immunogold labeling of the EGFR (with 10 nm gold particles) and streptavidingold labeling of the ectopically expressed Lck-BAP-GFP reporter (with 6 nm gold particles). As shown in the representative image in Fig. 8A , both the EGFR and Lck-BAP-GFP were effectively gold-labeled and the two labeled species readily distinguished.
When the spatial distributions of the labeled Lck-BAP-GFP and EGFR molecules were independently analyzed ( Fig. 8B and C) , each showed significant deviation from randomness and clustering on the submicron scale. While the Lck-BAP-GFP reporter again showed clustering most predominant in the size range of 20-50 nm (compare Fig. 6D and 7B) , the EGFR showed 18 clustering over a broader size range (25-150 nm). Such submicron-sized clustering of the EGFR in cellular plasma membranes has been previously characterized by both immuno-EM (11, 38) and single molecule-resolution fluorescence microscopy (39), although the factors responsible for the establishment of these microdomains are the subject of continuing investigation (7, (38) (39) (40) . By analyzing the co-clustering of the EGFR and Lck-BAP-GFP reporter with the bivariate Ripley's K function statistic (Fig. 8D) The present work demonstrates the particular utility of the genetically encoded Lck-BAP-GFP reporter in the characterization of lipid raft entities by EM. The reporter was readily expressed in cultured cells and metabolically biotinylated therein, as indicated by its detection with streptavidin-HRP in blots of SDS-PAGE gels (Fig. 2) and streptavidin-gold conjugates in EM imaging (Fig. 6-8 ). In membrane fractionation experiments, the reporter as expected was found in low-density detergent-resistant membrane fractions along with traditional lipid raft markers such as caveolin-1 and flotillin-2 (Fig. 5) . When the spatial distribution of the Lck-BAP-GFP reporter in the plasma membrane was examined by EM imaging of streptavidin-goldlabeled membrane sheets, the reporter showed a non-random localization with obvious clustering on the scale of 20-50 nm (Fig. 6-8 ). The submicron-scale clustering of the Lck-BAP-GFP reporter, along with its observed fractionation in low-density detergent-resistant membranes, is by guest, on October 14, 2017
www.jlr.org Downloaded from consistent with its anticipated lipid raft localization. Nonetheless, in agreement with earlier studies of raft-associated proteins (cf. 33), the Lck-BAP-GFP reporter showed free diffusion on the micron scale (Fig. 4) , suggesting that its association with lipid rafts is transient in nature or that lipid rafts themselves are dynamic in structure. Interestingly, related single-particle tracking studies of Lck-based fluorescent reporters have shown their diffusion on the scale of one micron, with periodic restrictions of diffusion within submicron zones of confinement possibly representative of lipid raft entities (29, 30, 46) .
The primary goal of this study was to create a genetically encoded lipid raft marker that would facilitate EM investigations of membrane protein micro-localization and lipid raft association. We made a first application of this reporter in an EM investigation of the proposed lipid raft localization of the EGFR (Fig. 8) . While a number of biochemical fractionation studies have shown that the EGFR resides to a significant extent in low-density membrane fractions believed to represent lipid rafts (36, 37, (47) (48) (49) (50) , our results indicated that the microdomains of EGFR localization observed by immuno-EM imaging of plasma membrane sheets (11, 38) are not identical to those in which the inner leaflet raft marker Lck-BAP-GFP resides. We note that two previous EM studies, which used cholera toxin B-HRP staining of ganglioside-GM1 (40) or immunogold labeling of placental alkaline phosphatase (50) in ultrathin cryosections, showed a limited colocalization of EGFR molecules with plasma membrane regions containing outer leaflet raft markers. Also, multiple studies employing both biochemical techniques and EM imaging have shown that the EGFR, while present in low-density membrane fractions also rich in caveolin-1, does not reside to a significant extent within caveolae (37, 49, 50) . The present study suggests that EGFR microdomains observed by immuno-EM are also not identical with lipid rafts that are labeled with an Lck-based reporter.
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Our observation that the EGFR was apparently solubilized in cold Triton X-100 and was not present in the Triton X-100-resistant, caveolin-1-and Lck-BAP-GFP-enriched lipid raft fractions (see Fig. 5 ) is consistent with earlier investigations of the detergent-dependent solubility the EGFR-containing lipid raft species (36, 37) . In particular, Pike et al. (36) found that lipid rafts resistant to cold Triton X-100 (in which the Lck-BAP-GFP reporter was here found to be enriched) have a lipid composition distinct from that of EGFR-containing lipid rafts isolated using alternative detergents or a detergent-free method. This bolsters our conclusion 
